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Alzheimer's disease (AD), the most common type of the dementia among the elderly, is pathologically characterised by b-amyloid (Ab) deposition and neurofibrillary tangles (1, 2) . Although ageing is a major risk factor for AD, there is evidence that decreases in sex steroids, such as testosterone and 17b-oestradiol (E 2 ), play a role in cognitive decline during ageing and AD in a sex-specific manner (3) . In men, there is a gradual reduction in circulating testosterone levels, which is associated with cognitive impairment and increased risk of AD (3) . In women, serum E 2 levels decrease during menopause, which precedes cognitive decline and an increased risk of AD. Although controversial, epidemiological and clinical trial studies suggest that sex steroid treatment may prevent age-related cognitive decline and lower the risk of dementia and AD (4).
Testosterone and E 2 bind to their cognate androgen receptors (AR) and oestrogen receptors (ER), respectively. High densities of these receptors are found in areas of the brain that mediate cognition, including the cortex, hippocampus and amygdala (5, 6) , all of which display extensive AD pathology (1) . Despite the presence of steroid receptors and AD lesions in these brain regions, the role that sex steroids play in the development of AD pathology remains unclear. It has been suggested that the disconnection between circulating and brain E 2 levels may underlie cognitive impairment in AD (7) .
To determine the role of sex steroids in the development of AD pathology, experimental manipulations of sex steroid levels in animal models of AD have been accomplished by gonadectomy (8) (9) (10) (11) , crosses with genetic knockouts (7, 12) or pharmacological inhibitors of steroidogenic enzymes (13) . Recently, Oddo et al. (14) developed a triple transgenic mouse (3xTgAD) harboring the human amyloid precursor protein (APP) Swedish mutation (APP swe ), presenilin 1 (PS1 M146V ) and microtubule associated protein tau (Tau P301L ). These triple transgenic mutant mice display increases in intraneuroneal and extraneuroneal Ab and tau in the cortex, hippocampus, amygdala, and brainstem in an age-dependent manner (8, (14) (15) (16) (17) (18) . Decreasing testosterone and E 2 levels via gonadectomy (8) (9) (10) (11) 19) or inhibiting the production of oestrogens via an aromatase inhibitor (13) , alter the deposition of APP/Ab plaques. Because no studies have measured the endogenous levels of testosterone and E 2 in the serum or brain of 3xTgAD mice, the present study aimed to characterise these hormone levels and determine their associations with the onset of age-related AD-pathology in the brain of these mutant mice.
Here we characterised for the first time levels of testosterone and E 2 in the serum, cortex, hippocampus, amygdala and hypothalamus of 4-6-and 13-14-month-old male and female 3xTgAD and nontransgenic (ntg) mice. Furthermore, we combined immunohistochemistry, densitometry and unbiased stereological counting procedures to quantify the number of AR, ERa and ERb positive neurones, as well as the amount of AD-like pathology in these areas to determine their interactions with serum and brain sex steroid levels.
Materials and methods

Experimental subjects
A total of 100 young (4-6 months) and older (13-14 months), male and female 3xTgAD and ntg mice obtained from our in-house colony were used in this study. Transgenic and ntg mice breeding pairs were kindly provided by Dr Frank LaFerla from the University of California Irvine (Irvine, CA, USA). These mice were generated using a hybrid 129/C57BL/6 background strain to produce homozygous animals for APP swe , PS1 M146V and Tau P301L (14) . Up to five mice were single-sex housed in clear plastic cages. Subjects were given ad lib. access to standard rodent chow and water and maintained under a 12 : 12 h light/dark cycle. All animal care and procedures were conducted with approved institutional animal care protocols and in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Male and female mice were randomised to each experimental group and randomly chosen for perfusion independent of assigned experimental group (Table 1) .
Tissue collection
Because saline perfusion can alter brain steroid concentrations in a rapid, region-specific manner (20) , we performed a preliminary study to measured sex steroid levels in brain tissue harvested from animals with or without saline perfusion. Notably, we found that both testosterone and E 2 concentrations were similar in mouse brain tissue independent of saline perfusion (C. R. Overk, S. E. Perez and M. D. Taves unpublished results). Therefore, all mice used in the present study were rapidly perfused with cold saline as described below.
Before perfusion, young and older female mice underwent vaginal swabbing to determine oestrus stage by vaginal cytology (21) , and only females in pro-oestrus were sacrificed to ensure the highest levels of circulating testosterone (22) and E 2 (21) and to avoid hormonal variability as a result of cycling. The pro-oestrous stage in vaginal smears was identified by the presence of clusters of round, nucleated epithelial cells, which often have a granular appearance at the light microscope level (21) . Additional precautions were taken to avoid stress before sacrifice, including habituating all mice to human handling, maintaining animals in an area separate from the perfusion set-up, and rapid anaesthetisation and perfusion (< 5 min). All mice were deeply anaesthetised with ketamine/xylazine (95 and 5 mg/kg body weight, respectively) and cardiac blood was collected just before transcardial perfusion with ice-cold physiological saline (0.9% NaCl, pH 7.4). Brains were rapidly removed from the calvarium and hemisected. One hemisphere was immersion fixed in a solution consisting of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 24 h at 4°C and then placed in a cryoprotectant solution composed of 30% sucrose in PBS at 4°C for at least 24 h. These hemispheres were cut frozen in the coronal plane on a sliding knife microtome at 40 lm thickness into six adjacent series and stored at À20°C in a cryoprotectant solution (30% ethylene glycol, 30% glycerol, in 0.1 M PBS) before processing.
The other hemisphere was placed in a cold stainless steel brain matrix and cut into 1-mm thick coronal slabs containing the cortex, hippocampus, amygdala and hypothalamus. These four regions were rapidly dissected on wet ice and frozen on dry ice, as described previously (23) . Approximately 300 ll of whole blood was centrifuged at 2300 g units at room temperature for 10 min, the serum was pipetted into a separate 1.5-ml microcentrifuge tube, and both whole blood and serum were stored at À80°C before analysis.
Immunohistochemistry and immunofluorescence
Free-floating sections were immunohistochemically processed using antibodies directed against APP/Ab (6E10; dilution 1 : 2000; Covance, Princeton, NJ, USA) (13, 17) and the tau conformational 66-kDa protein, Alz50 (dilution 1 : 10 000) (17) or mounted on charged slides and boiled in citric acid (pH 8.5) for 20 min before incubation with antibodies directed against ERa (dilution 1 : 500; lot number 1151207; Leica, Newcastle, UK) or ERb (dilution 1 : 200; Z8P Zymed Labs, San Francisco, CA, USA), as reported previously (24) , or AR (dilution 1 : 1000; PG21 catalogue number 06-680; Millipore, (24) and AR (25) . Additional sections were double immunolabelled for AR and Alz50 in accordance with our previously published protocol (23) . This dual staining resulted in an easily identifiable two-coloured profile: blue for AR-positive and brown for Alz50-positive profiles at the light microscopic level. Some sections were counterstained with cresyl violet to aid in cytoarchitectonic evaluation. Anatomical nomenclature was according to the atlas of Paxinos and Franklin (26) . Photomicrographs were obtained with the aid of a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan). Additional sections from the same cases were double-labeled for 6E10 and AR using immunofluorescence. Tissue was washed in phosphate buffer, mounted on charged slides before citric acid antigen retrieval (see above) and incubated with anti-AR (dilution 1 : 50) in a humidifying chamber. Sections were then rinsed and incubated in a secondary antibody (Cy2; dilution 1 : 200; Jackson ImmunoResearch, West Grove, PA, USA) for 120 min in the dark. Sections were washed with TBS containing 5% goat serum and then incubated with 6E10 (dilution 1 : 100) overnight in the dark and then rinsed and incubated in a different secondary antibody (Cy3; dilution 1 : 300; Jackson ImmunoResearch) for 120 min in the dark. Immunofluorescence was visualised using a Zeiss Axioplan 2 microscope (Carl Zeiss, Oberkochen, Germany) using excitation filters at wavelengths 489 and 555 nm and emission filters at 505 and 570 nm for Cy2 and Cy3, respectively. Fluorescent images were stored on a computer and contrast was enhanced using ADOBE PHOTOSHOP, version 7 (Adobe Systems, San Jose, CA, USA).
Densitometry
Hippocampal tissue immunostained with 6E10 and Alz50 antibodies from male young (n = 12) and older (n = 11) and female young (n = 6) and older (n = 5) 3xTgAD mice were used to measure the relative age-related changes in APP/Ab and tau expression in CA1 pyramidal neurones by optical densitometry (OD) using Scion Image, version 1.60 (Scion, Frederick, MD, USA) as described previously (27, 28) . Briefly, every sixth section (separated by 240 lm) was analysed using a 9 40 objective, centering the camera over the pyramidal layer of the CA1 field. The captured frame was manually outlined from an average of nine to ten sections from each animal to obtain the OD measurements in CA1 pyramidal neurones. The OD measurements were automatically analysed in grey-scale images. Five ODs from regions of the hippocampus devoid of 6E10 or Alz50 immunostaining were measured, averaged and subtracted from the final 6E10 and Alz50 OD values. Previous studies have shown that OD measurements reflect changes in protein expression, which parallel those obtained using a biochemical protein assay (28, 29) .
Stereology procedures
Optical fractionator
Stereological methods were used to estimate the number of APP/Ab-, Alz50-, ERa-, ERb-and AR-immunoreactive (-IR) profiles utilising an optical fractionator unbiased sampling design (17, 27) . Immunoreactive neurones were only counted if the first recognisable profile came into focus within the counting frame. This method allowed for a uniform, systematic and random design. Focusing through the z-axis revealed that each antibody penetrated the full depth of each section. Section thickness was determined at each site by focussing on the top of the section, zeroing the z-axis and focussing on the bottom of the section. The dissector height was based on section thickness for each case with at least a 1 lm top and bottom guard zone. The forbidden zones were never included in the cell counting.
Optical fractionator parametres for estimating the number of ERa-positive hippocampal CA1 neurones were: perikarya within sections separated by approximately 240 lm were outlined using a 9 10 objective attached to a Nikon Optihot-2 microscope. A systematic sampling of the outlined areas was made from a random starting point using STEREOINVESTIGATOR, version 8.21.1 (Micro-BrightField, Cochester, VT, USA). Counts were taken at predetermined intervals (x = 150, y = 150), and a counting frame (107 9 107 lm = 11 440 lm 2 ) was superimposed on the live image of the tissue sections. Sections were analysed using a 9 60 PlanApo oil immersion objective with a 1.4 numerical aperture. The average Gunderson coefficient of error, m = 1 (30), was 0.09. Average section thickness across all groups was 13.9 lm. Hippocampal CA1 neurones that were immunopositive for AR were counted in every twelfth section (480 lm) using a counting frame (30 9 30 lm) and sampling grid size (166 9 114) for both males and females. The average coefficient of error was 0.08 with an average tissue thickness of 20.4 lm.
ERa-IR cells in the medial amygdala were counted in every sixth section (240 lm) using a counting frame (130 9 90 lm) and sampling grid size (240 9 240 lm) for both males and females. The average coefficient of error was 0.07 with an average tissue thickness of 13.4 lm.
ERb-IR profiles in the medial amygdala were counted in every sixth section (240 lm) using a counting frame (36 9 36 lm) and sampling grid size (58 9 58 lm) for both males and females. The average coefficient of error was 0.13 with an average tissue thickness of 6.3 lm.
APP/Ab-IR hippocampal CA1 neurones were counted in every sixth section using a counting frame (30 9 30 lm) and sampling grid size (101 9 161) for both males and females. The average coefficient of error was 0.066 ± 0.008 with an average tissue thickness of 12.4 lm.
Alz50-IR pyramidal neurones in the CA1 layer of the hippocampus were counted in every sixth section using a counting frame (90 9 90 lm) and sampling grid size (200 9 200 lm) for both males and females. The average coefficient of error was 0.07 with an average tissue thickness of 12.1 lm.
Plaque area and number
The area fraction fractionator stereological probe was used to determine the area/plaque load occupied by 6E10-IR plaques in the subiculum. The subiculum was outlined in sections 240 lm apart extending from its dorsal-rostral location to its more ventral-caudal portion. Because 3xTgAD mice develop Ab-plaques primarily in the subiculum around 9 months of age, only the 13-14-month-old cohorts were evaluated in the present study. Subicular 6E10 plaque load was determined using a counting frame of 80 9 80 lm, a sampling grid (220 9 220) and a grid space of 7 lm. In addition, the number of APP/Ab-IR plaques in the subiculum was counted manually using a Nikon Eclipse 80i scope with a 9 20 objective and a 9 10 ocular magnification.
Serum and brain steroid levels
Solid phase extraction (SPE) was performed before quantifying testosterone and E 2 levels in serum and brain (31) . SPE extracts steroids from the serum and tissue and removes substances that may interfere with the assays. This is crucial when measuring sex steroid concentrations in small samples, particularly for E 2 (32) . Stringent sample preparation eliminated the need to pool samples and enabled correlations between steroid levels and steroid receptors within individuals. Moreover, correlations at the individual subject level were possible as a result of the use of hemisected brains, where one hemisphere was used for steroid analysis and the other hemisphere was used for histopathological analysis.
SPE
One set of subjects was used to measure testosterone, and another set of subjects was used to measure E 2 ( Table 1) . Steroids were extracted from all samples (serum, whole blood, and brain) using SPE with C 18 columns and employing a modification of a previously published method (33) . This procedure provides high and consistent steroid recoveries. Whole blood and brain samples were homogenised in ice-cold deionised water and then high-performance liquid chromatography (HPLC)-grade methanol was immediately added. Samples were incubated overnight at 4°C. Samples were then centrifuged and supernatants (up to a maximum of 1 ml) were diluted with 10 ml of deionised water to prepare for loading onto C 18 columns. Serum samples were similarly diluted with 10 ml of deionised water. C 18 columns were primed with 3 ml HPLC-grade ethanol, equilibrated with 10 ml of deionised water, and samples were loaded. Samples were then washed with 10 ml of 40% methanol to remove interfering substances, such as brain lipids. Steroids were eluted with 5 ml of 90% HPLC-grade methanol and dried at 40°C in a vacuum centrifuge (ThermoElectron SPD111V Speedvac; Thermo Fisher Scientific Inc., Waltham, MA, USA). Dried extracts were resuspended with assay diluent containing absolute ethanol (1% of total volume) to aid in the suspension of steroids (33) .
To calculate steroid recovery, we spiked aliquots of serum or brain tissue with known amounts of testosterone or E 2 , and compared steroid amounts in spiked and unspiked samples. Testosterone and E 2 recoveries were high (i.e. close to 100%) and consistent (Table 2) , and samples were corrected for recovery using the average recovery values in Table 2 . We also evaluated the ability of the SPE protocol to remove interfering substances by serially diluting serum and brain samples (Fig. 1) . Displacement curves were parallel to the standard curve ( Fig. 1) , indicating the effective removal of interfering substances (31). We were able to measure E 2 in serum but not in whole blood (incomplete removal of interfering substances from whole blood samples).
Radioimmunoassays
Samples were assayed for either testosterone or E 2 using sensitive and specific radioimmunoassays (RIAs) that we validated for use with mouse brain (31) . Testosterone was measured in duplicate using a double-antibody 125 I RIA (#07189102; MP Biomedicals, Solon, OH, USA) that was modified to increase sensitivity. Briefly, 200 ll of primary antibody was added to 175 ll of sample and then incubated for 4 h at room temperature. Next, 200 ll of tracer was added, and samples were incubated overnight at room temperature. Then 50 ll of secondary antibody (precipitant) was added, and tubes were incubated for 60 min in a water bath at 37°C with shaking at 90 r.p.m.. Finally, tubes were centrifuged at 2383 g units for 30 min at 4°C, supernatants were decanted, and analysed using a gamma counter for 1 min each. These modifications resulted in a detection limit of 0.31 pg testosterone/tube and also allowed more samples to be measured per kit (over two-fold decrease in cost per sample). The testosterone antibody has low cross-reactivity with 5a-dihydrotestosterone (3.40%), 5a-androstanediol (2.20%), 5b-androstanediol (0.71%), androstenedione (0.56%), dehydroepiandrosterone and oestrogens (< 0.01%), as reported by the manufacturer. Water blanks (n = 15 total) were extracted and assayed along with all tissue samples, as negative controls; nine were not detectable and six were just above the lowest point on the standard curve. As a positive control, known amounts of testosterone in assay buffer (n = 16 total) were also processed along with tissue samples, resulting in an average recovery of 116 ± 2%. All tissue samples had detectable amounts of testosterone. Intra-assay variation was 6.7% and inter-assay variation was 5.8%. E 2 was measured using a modified double-antibody 125 I RIA (Beckman Coulter; DSL-4800, Chino, CA, USA) as described previously (34, 35) . The detection limit was 0.20 pg E 2 /tube. Samples were measured as singletons, to allow quantification of low E 2 concentrations (34). Water blanks (n = 11 total) and known amounts of E 2 (n = 5 total) were processed in parallel with all tissue samples. Eight water blanks were not detectable, and three were just above the lowest point on the standard curve. Recovery of E 2 standards in assay buffer was 109 ± 4%. Intra-assay variation was 7.2% and inter-assay variation was 7.7%.
Statistical analysis
Male and female data from testosterone and E 2 levels, as well as AR and ER cell counts, were separately evaluated with two-way ANOVAs (factors: age and genotype) followed by Holm-Sidak post-hoc tests for multiple Fig. 1 . Serial dilution of mouse serum and brain. The parallelism between the diluted samples and the testosterone standard curve demonstrates that the stringent sample preparation employing solid phase extraction (SPE) effectively removes interfering substances from the samples. These data and previous data clearly indicate that SPE, when combined with extensive washes, allows for measurement of steroids in lipid-rich brain samples and serum from mice. Pools of mouse serum and homogenised brain tissue were divided into aliquots. Testosterone or oestradiol was added to some aliquots ('spiked samples') but not other aliquots ('unspiked samples'). 'Spike amount' is the known amount of testosterone or oestradiol that was added to spiked samples. The observed difference between spiked and unspiked samples was compared with the expected difference (the spike amount), and this is presented as 'recovery.' Oestradiol was nondetectable in unspiked samples from this particular pool of serum, and so the values were set to zero.
comparisons or with nonparametric Kruskal-Wallis tests for data without Gaussian distribution after Neperian logarithm normalisation (Sigma Stat 3.5; Systat Software, Inc., San Jose, CA, USA). Data from APP/Ab and Alz50 cell counts, plaque load, as well as Alz50 and APP/Ab OD measurements, were statistically evaluated with two-way ANOVAs (factors: age and sex) or with Kruskal-Wallis tests followed by post-hoc tests, as appropriate. Regional differences in E 2 levels were statistically examined with Friedman repeated measures followed by Tukey tests to identify pairwise differences. Correlations were performed with Spearman tests. P < 0.05 (two-tailed) was considered statistically significant. The data were graphically represented using the mean ± SEM (Sigma Plot 10.0; Systat Software, Inc.).
Results
Hippocampal plaque and tau pathology increases with age in a sex-dependent manner in 3xTgAD mice
Hippocampal plaque and neurofibrillary tangle pathology was found only in 3xTgAD mice. In the hippocampus, 6E10 and Alz50 antibodies were used to visualise APP/Ab positive neurones/plaques and intraneuroneal conformational tau, respectively. As reported previously (18), 6E10-IR plaques were virtually absent in young (4-6 months) 3xTgAD mice ( Fig. 2A,D) . In agreement with previous observations (14, 15, 19) , we found a sex-dependent increase in extraneuroneal Ab deposition in the hippocampus of older (13-14 months) 3xTgAD mice ( Fig. 2A-F) . Specifically, the area of the hippocampal/subicular complex occupied by 6E10-IR plaques was significantly greater in older females than older males ( Fig. 2C ; P < 0.01). Additionally, the raw number of 6E10-IR plaques was significantly higher in older females than older males ( Fig. 2F ; P < 0.01). OD measurements of 6E10-IR hippocampal CA1 pyramidal neurones revealed a significant interaction between sex and age (P = 0.001). Specifically, 6E10-IR OD measurements increased with age in males ( Fig. 2G-I ; Holm-Sidak method, P < 0.05) but decreased with age in females ( Fig. 2I ; Holm-Sidak method, P < 0.05). CA1 neurone OD measurements for 6E10-IR were significantly higher in young females than young males ( Fig. 2I ; Holm-Sidak method, P < 0.05).
OD measurements of Alz50-IR CA1 pyramidal neurones were significantly higher in older males than young males but unchanged with age in females ( Fig. 2J-L ; Holm-Sidak method, P < 0.05). Furthermore, Alz50-IR OD measurements in CA1 pyramidal neurones were significantly higher in older male than female mice ( Fig. 2L ; Holm-Sidak method, P < 0.05).
Testosterone but not E 2 levels increased in serum and brain with age in male 3xTgAD mice
We measured testosterone levels in serum, cortex, hippocampus, amygdala and hypothalamus from male and female, young and older 3xTgAD and ntg mice (Fig. 3A-H) . Unexpectedly, testosterone levels in serum (Fig. 3A) and each brain region examined (Fig. 3B-E) were higher in older compared to young male 3xTgAD mice (P < 0.05 in all cases). By contrast, there were no significant changes in serum or brain testosterone levels across ages in ntg males (Fig. 3A-E) . Furthermore, there were significant differences in testosterone concentrations in both the serum and brain between older 3xTgAD and older ntg male mice ( Fig. 3A-E ; P < 0.05 in all cases). There were similar age-and genotypedependent changes in testosterone concentrations in whole blood samples (data not shown). On the other hand, females showed a trend toward decreased levels of testosterone with age in serum (Fig. 3F) , the hippocampus and the hypothalamus in both genotypes (P > 0.05), which only reached significance in the cortex of ntg mice ( Fig. 3G ; P < 0.05) and the amygdala of 3xTgAD mice ( Fig. 3H ; P < 0.05).
There were no significant effects of age on E 2 levels in serum or brain samples across all groups (P > 0.05, data not shown). Collapsing groups by age revealed that E 2 levels were consistently higher in the hippocampus and amygdala than in the cortex and serum, regardless of sex or genotype ( Fig. 4A-D ; Friedman repeated measures, P < 0.05 in all cases).
Oestrogen receptor, but not androgen receptor, decreased in a region-, sex-, age-and genotype-dependent manner
The number of ERa-, ERb-and AR-positive cells was counted in the hippocampus and medial amygdala, which are two regions affected by AD pathology in 3xTgAD mice (Fig. 5) . In the hippocampus, the number of ERa-IR cells was significantly decreased in older females, independent of genotype ( Fig. 5A-C ; P < 0.05). Specifically, in the medial amygdala, the number of ERa-IR cells was significantly decreased in 3xTgAD females, independent of age ( Fig. 5D-F) . The number of ERb-IR neurones in the medial amygdala of females was decreased with age, independent of genotype ( Fig. 5G-I ). ERb-IR cells were not visualised in the hippocampus similar to the findings of previous studies in rodents (24, 36, 37) . Furthermore, there were no significant differences in ERa-IR or ERb-IR cell number with age in male 3xTgAD and ntg mice. Because there are almost no ER positive neurones in the cortex, we chose not to analyse this region for changes in immunodensity. With regard to the hypothalamus, we did not evaluate this region because it does not display AD-like pathology in our transgenic mice.
The number of AR-IR neurones in males was unaffected by either genotype or age in the hippocampus (Fig. 5J,L) or medial amygdala (Fig. 5K,M) . Androgen receptor immunostaining in female mice in both structures was below immunohistochemical detectable levels needed for quantitation.
Co-localisation of 6E10-IR and Alz50-IR with AR-IR in hippocampal CA1 neurones
Double immunofluorescence and bright field immunohistochemistry were carried out to co-localise AR with 6E10 ( Fig. 6A-C) or Alz50 (Fig. 6D ) in the hippocampus of older male 3xTgAD mice. Although almost all CA1 neurones displayed both 6E10 and AR-IR (Fig. 6C) , a few neurones were AR positive but 6E10 immunonegative (Fig. 6A-C) . Similarly, all Alz50-IR CA1 pyramidal neurones were also positive for AR-IR (Fig. 6D) . Fig. 2 . Photomicrographs of 6E10 (Ab/APP) immunostaining showing a virtual absence of plaques in male (A) and female (D) hippocampus in young (4-6 month-old) 3xTgAD mice. Aged males (B) displayed less plaque pathology compared to age-matched female (E) 3xTgAD mice. Insets show higher magnification images of 6E10 positive plaques outlined by a small white box in the subiculum of an old male (B) and female (E) mutant mouse. Histograms show a significant increase in subicular plaque load (C) and number (F) in female 13-14-month-old mice compared to age-matched male mutant mice. Photomicrographs show 6E10-and Alz50-positive CA1 hippocampal neurones in young (G, J) and old (H, K) 3xTgAD mice. Note the increase in immunolabelling between the young and old mutant mice. Insets show a higher magnification image of intraneuroneal 6E10 and Alz50 staining outlined in (G, H) and (J, K), respectively. Linear graphic representation of optical density (OD) measurements of 6E10 positive neurones showing a significant increased between young females compared to young males (I), whereas the OD measurements for Alz50 immunostaining were significantly increased in older males compared to young male 3xTgAD mice (L). Scale bars (A, B, D, E) = 500 lm; insets in (B) and (E) = 50 lm. Scale bars (G, H, J, K) = 100 lm; insets = 50 lm. CA1, hippocampal CA1 field; DG, dentate gyrus; S, subiculum. *P < 0.05; **P < 0.01.
Age-related increase in number of hippocampal CA1 6E10-and Alz50-IR neurones in male 3xTgAD mice Stereological counts of hippocampal CA1 6E10-and Alz50-IR neurones were determined in an adjacent series of sections to those used for the estimation of the number of AR-positive cells. There was a significant increase in the number of CA1 6E10-IR cells with age in male (P < 0.01) but not in female 3xTgAD mice (Fig. 6E) . On the other hand, the number of Alz50-IR cells increased in both male (P < 0.01) and female (P < 0.05) 3xTgAD mice with age (Fig. 6F) . All CA1 neurones that were 6E10-IR or Alz50-IR were also AR-positive in aged male 3xTgAD. The estimated number of CA1 pyramidal neurones co-expressing 6E10 and AR was approximately 46%, whereas the percentage of profiles co-expressing Alz50 and AR was 15% of the total population of AR-positive neurones.
In addition, we correlated testosterone concentration with AD neuropathology in male 3xTgAD mice. Notably, hippocampal testosterone concentrations correlated positively with hippocampal CA1 and Alz50 OD measurements ( Fig. 6G ; Spearman correlation coefficient = 0.594, P = 0.037) but not with 6E10 OD values or Fig. 3 . Linear graphic representation showing an increase in testosterone levels in serum (A) and across brain regions (B-E) with age in male but not female (F-H) 3xTgAD mice. Note the trend towards a decrease in testosterone levels with age in serum (F) and cortex (G) in female 3xTgAD, reaching significance only in the amygdala (H). *P < 0.05. ntg, Nontransgenic. number of neurones containing these markers in male 3xTgAD mice. This observation indicates that local testosterone levels and Alz50 neurone protein expression tend to increase concurrently with age in male 3xTgAD mice.
Discussion
The present study evaluated age-related changes in testosterone and E 2 concentrations and their respective cognate receptors in select brain regions that display AD-like pathology in intact male and female 3xTgAD mice. We report for the first time that circulating and brain testosterone levels were significantly increased in male 3xTgAD mice with age, without corresponding changes in AR-IR neurone number in either the CA1 region of the hippocampus or medial amygdaloid nucleus. Interestingly, the hippocampal agerelated increase in testosterone correlated positively with an increase in the expression of the early tau pathological conformational marker Alz50. Conversely, although circulating and brain E 2 levels remained stable with age in both male and female 3xTgAD and ntg mice, the number of ER positive hippocampal CA1 and medial amygdala neurones decreased with age in female mice. Additionally, hippocampal E 2 levels were significantly higher than serum E 2 levels in male and female triple transgenic and ntg mice, suggesting local E 2 production. These data point to a possible interaction between tau and testosterone in aged male triple transgenic mice, which may be associated with a sex-specific dysregulation of the hypothalamic-pituitary-gonadal axis.
Testosterone and AR in male 3xTgAD mice
In the present study, we characterised for the first time testosterone concentrations in the serum and brain of young and older 3xTgAD mice and ntg (hybrid 129/C57BL/6) mice. Interestingly, we found similar serum testosterone concentrations in young 3xTgAD and young ntg male mice (approximately 0.4 ng/ml), whereas serum testosterone levels were four-fold higher in older 3xTgAD (approximately 1.75 ng/ml) than older ntg male mice (approximately 0.5 ng/ml). We have found no published studies that measured serum testosterone levels in this particular hybrid mouse strain (129/C57BL/6). The present levels of serum testosterone in ntg male mice are similar to those reported in 3 month-old male CD-1 mice (approximately 0.44 ng/ml) (38) and in adult male C57BL/6J mice (approximately 0.5 ng/ml) (39) . There is wide variation in reported testosterone levels for C57BL/6 mice, including higher as well as low testosterone levels (39) (40) (41) (42) , similar to the low levels found in our mice, suggesting great variability of testosterone in this strain Fig. 4 . Histograms showing brain region-dependent 17b-oestradiol (E 2 ) concentrations in male and female 3xTgAD and nontransgenic mice independent of age. E 2 levels were significantly increased in the amygdala (Amyg) and hippocampus (Hippo) but not in the hypothalamus (Hypo) compared to either cortex or serum levels (repeated measures one-way ANOVA, *P < 0.05). = 500 lm; insets = 50 lm. CA1, hippocampal CA1 field; DG, dentate gyrus; MeA, medial amygdala; S, subiculum. *P < 0.05. of mouse. Indeed, it is well-known that testosterone levels vary greatly across mouse strains (43) and several studies have demonstrated that C57BL (6 and 10J) mice display comparatively low T levels (44, 45) . Because the 3xTgAD mice were generated against a 129 and C57BL/6 hybrid background, it is likely that this mix of strains contributed to the relatively low serum testosterone levels measured here.
Although lower serum testosterone levels have been reported in patients with AD compared to healthy aged male controls, we found a significant age-related increase in testosterone concentrations in serum and brain in male 3xTgAD mice. Conversely, McAllister et al. (12) demonstrated a gradual age-related decrease in serum and brain testosterone levels in C57BL/6 ntg and APP swe male mice, suggesting a possible strain or transgene interaction. Interestingly, the increase in testosterone levels in the serum and brain in aged male 3xTgAD mice, which display an age-related plaque and tangle-like pathology in the hippocampus and amygdala (14, 15) , does not mimic the findings in humans showing that low circulating testosterone is associated with an increased risk for AD in men (19, 46) . These observations are of particular note because many reports of sex steroid manipulations, including surgical (11, 19) , pharmacological (13) and genetic approaches (7), performed in transgenic models of AD, failed to establish changes in baseline hormonal levels with age both within and between genotypes.
Similar to other studies, we found that serum testosterone levels were recapitulated in the brain in young and older mice, independent of genotype, supporting the concept that testosterone is synthesised in the periphery and transported to the brain. Paralleling serum concentrations, testosterone levels were consistently increased with age across the different brain regions examined, regardless of the presence or absence of plaque or tangle pathology in these regions. Brain testosterone concentrations in aged mutant males ranged from 0.8 to 1.0 ng/g, and displayed a 2.3-fold increase compared to testosterone levels in young 3xTgAD males, Fig. 6 . Co-localisation of androgen receptor (AR) with 6E10 using dual immunoflouresence (A-C) and with Alz50 (D) using bright field microscopy in older triple transgenic mice. Note that all of 6E10 (APP/Ab) and Alz50 positive cells expressed AR (white arrows) but not all AR neurones were 6E10 or Alz50 positive (white arrowheads). In the hippocampus, the number of 6E10-IR neurones increased significantly in males with age (E) but not females. Both males and females exhibited a significant increase in the number of Alz50-positive cells in hippocampus with age (F). Hippocampal testosterone levels correlated significantly with optical density (OD) measurements for Alz50 (G). Scale bars (A-D) = 50 lm. **P < 001; *P < 0.05. which ranged from 0.3 to 0.4 ng/g. Nevertheless, the increase in testosterone, the precursor of E 2 , was not associated with a concomitant increase in serum or brain E 2 in aged mutant male mice, suggesting that the mechanism(s) involved in the elevated testosterone levels do not translate into higher E 2 levels via aromatisation. Consequently, the effects of testosterone are probably not mediated by the indirect activation of oestrogen signalling pathways in male 3xTgAD. Furthermore, because plaque and tangle-like pathologies are increased in the hippocampus and amygdala with age in the triple transgenic mouse (14, 15, 18) and both structures are components of a limbic-hypothalamic-pituitary pathway, we suggest that an age-related increase in testosterone is indicative of an alteration in this chemoanatomical system. Dysregulation of this axis may affect gonadotrophin-releasing and luteinising hormone production, which, in turn, affects brain tau conformational and phosphorylation events. Interestingly, neurofilament proteins are found in Leydig cells in testicular tissue in rodents (47) , which produce testosterone in the presence of luteinising hormone. It is possible that the mutated tau transgene inserted into the 3xTgAD mouse triggers an up-regulation of testosterone or induces an increase in Leydig cell number in these mutant mice. However, the mechanism by which the overexpression of tau up-regulates testosterone in intact 3xTgAD mice is unknown. Further studies are needed to examine whether other hormones affect this limbichypothalamic-pituitary-gonadal pathway, the presence of tau pathologic lesions in testicular tissue in male 3xTgAD mice, and whether there are physiological and behavioral repercussions associated with this age-dependent increase of testosterone in this animal model of AD.
In men, testosterone replacement therapy and high free testosterone levels are associated with improved verbal and spatial memory (48) and a reduced risk of AD (49) , suggesting a neuroprotective effect of testosterone against AD pathogenesis. Furthermore, chemical castration for the treatment of prostate cancer is associated with increased levels of Ab pathology (50) . In this regard, we found that the increase in testosterone in aged male 3xTgAD mice was associated with a reduction in hippocampal APP/ amyloid plaque pathology compared to age-matched female transgenic mice, perhaps indicative of a neuroprotective effect of testosterone or its involvement in amyloid processing. In this vein, in vitro studies have shown that testosterone reduces Ab levels by altering APP processing toward a non-amyloidogenic pathway and increases the expression of neprilysin, an enzyme involved in Ab degradation (51) . Castration of male 3xTgAD mice increases Ab deposits in the hippocampus and amygdala and worsens working memory (19) . Treatment with testosterone or its metabolite dihydrotestosterone prevents Ab accumulation in gonadectomised male 3xTgAD mice (11) , suggesting that testosterone regulates Ab pathology. Interestingly, crossing APP23 mutant mice with an aromatase knockout mouse (i.e. APP23/Ar +/À ) results in low aromatase activity, high levels of serum and brain testosterone and a reduction of Ab plaques, which is associated with a down-regulation of b-secretase and an up-regulation of neprilysin (7) . These findings indicate that testosterone is protective against AD pathology via an E 2 -independent pathway (12) and that the age-related increase in hippocampal testosterone underlies the differential Ab production between male and female 3xTgAD mice. Unexpectedly, hippocampal testosterone concentrations correlated positively with an increase in hippocampal intraneuroneal tau but not with APP/Ab protein expression, nor hippocampal 6E10-or Alz50-IR cell number.
By contrast to their effects on APP/Ab, testosterone treatments have been associated with hyperphosphorylated tau prevention (11) via inhibition of glycogen synthase kinase 3b (an enzyme involved in the tau phosphorylation) (52) . Therefore, we speculate that age is a major risk factor driving the increase in both testosterone and conformational Alz50 tau isoform expression in male 3xTgAD mice. It is possible that these actions occur through an interaction between tau and ARs, which are highly expressed in CA1 neurones of the hippocampus and co-localise with Alz50. On the other hand, although testosterone levels increased significantly in male mice, the number of AR-positive cells did not change in the hippocampus or medial amygdala with age or genotype. Whether AR receptor expression or changes in receptor affinity are affected by the increase of peripheral circulating and brain testosterone levels is unknown. However, because testosterone is neuroprotective at physiological levels via the AR receptor (53), perhaps increased testosterone production occurs in response to toxic amyloid or tau species that accumulate with age in 3xTgAD mice (18) .
Oestradiol and ER in female 3xTgAD mice
Epidemiological studies have shown a positive correlation between AD and the decrease of E 2 levels in women after menopause, suggesting a neuroprotective role for endogenous oestrogens in AD (7). Unlike in women, E 2 levels in serum and brain were unchanged with age in 3xTgAD and ntg mice. Female mice were sacrificed during pro-oestrus to ensure high serum E 2 levels, which ranged from 6.9 to 12.3 pg/ml, similar to previous reports (32, 54) . By contrast, a study reported serum E 2 levels of approximately 100 pg/ml in 6 month-old 3xTgAD female mice (8) . The reason for this discrepancy is likely methodological because our stringent sample preparation using solid phase extraction and extensive washing very effectively removes substances that can interfere with the radioimmunoassay (31) .
Despite the increased interest in measuring local E 2 concentrations in the brain of humans and other animals (7), the present study is the first report detailing baseline concentrations of E 2 in the cortex, hypothalamus, amygdala and hippocampus in both male and female 3xTgAD and ntg mice. Although brain E 2 concentrations were unchanged across ages in both sexes and both genotypes, similar to female APP23 mice (7), we found significant regional differences in E 2 concentrations. E 2 levels in these brain regions were greater than E 2 levels in serum, suggesting that E 2 is synthesised within these brain regions (55, 56) . The local synthesis of E 2 may be mediated by brain aromatase activity independent of peripheral E 2 , which is a process that appears to be conserved across vertebrate species (34, 35, 57, 58) . Functionally, locally produced E 2 plays a key role in synapse maintenance and its alteration induces cognitive impairment (59) . Taken together, our findings indicate that the local production of E 2 in the hippocampus in male and female 3xTgAD mice was not impaired or stimulated by the age-related increase of plaque and tangle pathology.
Despite the fact that E 2 levels did not change with age or genotype, we found significant changes in the number of ERa and ERb positive neurones in the hippocampus and medial amygdala in female mice. Specifically, the number of ERa-and ERb-IR cells was significantly higher in young female than older female mice independent of genotype. Similarly, when the female cohorts were combined by age, there was also a decrease in ERa positive cell numbers in the female medial amygdala of 3xTgAD compared to female ntg mice. Although the functional consequences of reduced numbers of ER positive neurones are unclear, it could affect cellular genomic signalling triggered by E 2 . On the other hand, a decrease in receptor number as well as loss of receptor affinity with age (60) may lead to a functional loss of oestrogenic neuroprotection with age.
A decrease in neuroprotection by E 2 may explain the increase in the number of 6E10-positive plaques in the hippocampus (present study) and amygdala that occur in females compared to male 3xTgAD mice (18) , as well as increased 6E10 staining intensity in young females versus age-matched 3xTgAD male mice. It is noteworthy that ER deficits occur in the hippocampus and amygdala, regions associated with memory function. which are affected by decreased E 2 levels (61) and other hormones of the hypothalamicpituitary-gonadal axis (62) . Interestingly, ovariectomy impacts levels of soluble and insoluble Ab in other AD transgenic mouse models, including the APP Tg2576, APP/PS1 (54) and 3xTgAD (8) mice. Moreover, in vitro and in vivo studies have shown that E 2 reduces brain Ab concentrations (8, 54, 62) , suggesting that sex steroid hormones protect against the development of AD neuropathology. Taken together, the lower numbers of ER in the CA1 hippocampal and medial amygdala nuclei and the age-related trend toward decreased testosterone levels may predispose female 3xTgAD mice to develop early and more accelerated plaque pathology compared to male mutant mice displaying elevated testosterone and no decrease in AR positive neurones.
Our data demonstrate for the first time that testosterone levels in the serum and brain increase with age in male 3xTgAD mice, without changes in AR-IR cell numbers in hippocampus and medial amygdala. This age-related increase in testosterone parallels an increase in intraneuroneal tau in AR-containing CA1 hippocampal neurones indicative of a probable interaction between tau and testosterone that may alter Ab production. By contrast, E 2 concentrations in the brain and serum were unchanged with age, whereas ER-IR cell numbers were reduced in female mice, perhaps predisposing this sex to develop an accelerated Ab pathology compared to male mutant mice, which may be neuroprotected by high testosterone levels. Furthermore, the present findings show increases in testosterone in male 3xTgAD, which are in conflict with the reduction found in aged male humans. This disconnection suggests that this transgenic mouse model of AD may not be appropriate for the study of age-or surgically-induced manipulation of sex steroids and their relationship with the onset of AD pathology. More research is needed to better characterise sex steroids in this and other transgenic models of AD pathogenesis before making translational conclusions to the human condition.
